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Rate equations of vertical-cavity semiconductor optical amplifiers
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We rigorously establish the rate equations for vertical-cavity semiconductor optical amplifiers,
starting from a general energy rate equation. Our results show that the conventional rate equation
used so far in the literature is incorrect because of an inappropriate calculation of the mirror losses.
Our calculations include the effect of amplified spontaneous emission and can be used to describe
the properties of resonant-cavity-enhanced photodetector0@ American Institute of Physics.
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Vertical-cavity = semiconductor  optical amplifiers give significantly different predictions, especially in the gain
(VCSOAS have emerged recently as one important family ofsaturation regimé® This mechanism occurs as high-signal
optoelectronic devices. Indeed, conventional in-plane semipower is injected in the amplifier or close to the laser thresh-
conductor optical amplifierdSOAS, unless specially de- old: because of the corresponding increase of stimulated
signed, show polarization sensitivity and high couplingemission, the carrier density in the active region is reduced.
losses to optical fibers. Because of their vertical and circulafhis decreases the material gain and then the gain of the
cavity geometry, VCSOAs can inherently overcome thes@mplifier.
problems while offering the possibility of parallel processing It is then of great interest to understand the origin of this
and testing. They, moreover, have the advantage of a lowdiscrepancy and to rigorously establish the rate equations for
noise figure compared to SOAs. VCSOAs, which is the main objective of this letter. Our

The models proposed for the design of in-plane SOAdesults show that the conventional rate equation used so far
(Refs. 2—4 cannot be readily extended to VCSOAs. Indeed,in the literature is incorrect for below threshold analysis of
because of their small gain per pass, VCSOAs require mirthe mirror losses. Our calculations include the effect of am-
rors with high reflectivity, which is usually obtained by tak- plified spontaneous emission. We conclude this letter demon-
ing advantage of additive interferences in periodic dielectricstrating that our results can be readily applied to resonant-
structures, known as dielectric Bragg reflectd®Rs). The  cavity-enhanced photodetecto®CEPDS, which can be
amplitude and phase of these mirrors vary strongly with theconsidered as VCSOAs with negative material gain.
angle and wavelength. In addition, because of the strong For VCSOAs, the active region is usually made of thin
feedback provided by the mirrors, a standing optical wave igluantum wells placed at the antinode of the electric field in
created in the cavity. This requires careful positioning of thethe cavity. Provided the injection is uniform in the cavity and
active layers inside the cavity so as to benefit from the gainlateral effects are neglectésuch as lateral carrier diffusion
enhancement mechanisniinally, because the device has to the material gain can then be assumed to be independent of
be biased above material transparency, amplified spontan#1€ position. This simplifies considerably the problem of cal-
ous emissiofASE) is emitted and cannot be neglected closeculating both the amplified spontaneous emission and the
to the laser threshold. The standard way of calculating th&ain of the amplifier. This approximation allows us to use a
ASE in in-plane SOAs is to use a traveling rate equation foSingle energy rate equation for the photdrisyhich is ex-
the field intensity:® This is justified as long as the active Pressed as
region is longer than the wavelength of the cavity modes. For
VCSOASs, since the active region is very thin, it is important
to consider the field rather than the powers in order to cor-
rectly take into account interference effects.

tot

- Gtot_ Ptota (1)

- i where W;,;=hvV N, is the total energy stored in the struc-
Performance _predlcnons for VCSOAs were flr_st PO~ ture. h the energy of the moday, the volume occupied by
posed by Tqmblmé, based on the work of Mukai and o photons, andll, the photon density in the active region.
Yamamotd using semiconductor rate equations for calculatrhe total generation rate can be expressed as the sum of
ing the gain of the structure. Karlsson andijed investi- three contributions:Gyy= G+ G+ Gsp, Where G, and

. . . .. sp1
g/%g(égzeus?:;efgflaicgésggg;:rit;%% iz?t?;ﬁ;tzgit\l/gz Obt}n are the generation and absorption rates related to the

s 5 o gain and internal losses in the structure, & the power
by Adams for Fabry—Peot laser amplifiersSFPLAS). Re- ganerated inside the structure by the spontaneous emission

cently, Piprek, Bjalin, and Bowers proposed a detailed 54 girected into the optical mode. With these definitions, the
analysis of VCSOAs, based on,the rate equation appr’bachmodm gain can be expres§t—:9das<g):th/(v W,,) and the
The rate equation and the Fabry+&emethods are known to iarnal losses a8, = — Gyod(vgWeo)- The confgilnement factor

I is by definition the ratio between the voluriveoccupied
dElectronic mail: paul.royo@avap.ch by the carriers in the active region, and the volukgoc-
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cupied by the photons. It is related to the modal gain accordgain g can be considered as constant in the active region,
ing toI'=(g)/g=V/V,. The total power emitted by the de- which is a reasonable approximation in practice.
vice is given byP,=Pgr+Pr—P+Pg,, wherePg, P+, and For the sake of completeness, let us give the analytical
P, are the powers reflected, transmitted, and injected in thexpressions 06;gy, and Gase for a general VCSOA struc-
device, respectively, andPg, the spontaneous emission ture consisting of two DBRs surrounding a low-order cavity
power radiated outside the cavity and in the optical mode. of total thicknesd. ., in which is placed a thin active region.
Using the above definitions and energy rate @9, one  The DBRs are made of alternating high,§ and low (n;)
finds the general rate equation for the phoforas\lp/at index layers of thicknesd., and L, respectively, with
=(I'g—aj—am) vgNy+TI'BsRs, Where ap, is the mirror  Agag5=4n; L1 =4n,L,. The complex reflection coefficients
losses defined byay,=(Pgr+Pr—P,+Pg)/(vghvV,N,). of the front and back mirrors are defined as,
The spontaneous emission facgy, describes the fraction of = p; ,expy 5), where R, ,= |I’1,2|2=piz and ¢, , is the
total spontaneous emission that radiates into the considergthase of the mirror, which can be related to an equivalent
optical mode. The total spontaneous emission Rajgs re-  penetration depth;'ezn of the electric field in the mirrorsAn
lated to the spontaneous generation rate accordinGgp equivalent cavity length can then be defined L@gszlen
=hvVBsRs,. In order to take into account the power emit- + Lgen+ L.. The gain per pass is expressed®s-exfd (I'g
ted by the device only, we define the apparent mirror 10Ss-a;)Lx].
am=(PrtPr+Pg)/(vghvVyNy). This leads to the rate With these definitions, the total signal gain given by
equation for optical amplifiers, involving the amount of Ggjyq.=Ggr+ Gt can be easily calculated according to
power injected in amplifieP, :

N p G g4 ATRIAFTRGI(GsmD)

—_— i '_ - 1
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p

where ®o=2mNegle(Ng ' —Agagg IS the single-pass phase
?ﬂetuning,neﬁ the effective refractive index of the cavity, and
\o the wavelength of the signal to be amplified.

Calculation of gainGagg is a bit more complicated and
will be presented elsewhere. We find:

®

This expression is formally the same as the one generall
used in the literature. However, using the definitionagf
and Eq.(2) at steady stated\,/dt=0), we find that the
apparent mirror losses must be expressed by

~ GsignaPl+GASEGsp 2
= (o) (G 1P T (Gase DGy D VGe2ii)-aa(1-RIA+VRGY

Gace= .
PET2(14 VRLG) (1+ VR,Go) (1 VR{R,G)

(6)

and depend on the gain/absorption of the active region and
on the power injected and generated in the device. This reAt the lasing wavelengtlidetermined by the conditio®,,

lation involves two gain factorsSgjgna= Gr+ Gy is the total  =277), gains Ggigna and Gase become infinite wherGtSh
gain of the amplifier, with the gain in reflectiransmis-  =1//R;R,. The apparent mirror loss given by relati¢8)

sion) mode defined byGg r=Pgr1/P,. The ratio between converges then to the usual factofgy,— ai=atmh
PspandGgy,is defined as the gain of the amplified spontane-= (1/L .)In[1/{R;R;], which was generally used for the
ous emissiorGase= Psp/ Gsp=Psp/ (hvV B Rsp). This fac-  modeling of resonant-cavity semiconductor amplifiet§:**
tor indicates how much ASE power is extracted outside theFigure 1 displays the parametefy @, (Gs= 1,G4=0) and
cavity for the fraction of spontaneous emission that is radi«"/a,, (Gs=1,P,=0) versus the front and back mirror re-
ated inside the cavity and in the optical mode. flectivities as solid and dotted contour lines, respectively.
The photon density in the active region can be calculatedhese factors represent the error that is made us{fdn-
using EQq.(2), which allows us to calculate the stimulated stead ofz,, in rate Eq.(2) at transparencyG¢=1). For no

recombination rat&ky=uv,gN,. We find input signal @,=0) and for highly reflective mirrors, the
1 g apparent mirror losseg,,, are very close tm‘mh, which can
Rst:ﬁ T[(Gsigna,_ 1)P;+(Gase—1)Ggpl. then be safely used in the rate equations for calculation of the
14 -

amplified spontaneous emission. However, a study of expres-
) sion (3) above transparency and below threshold in the case
Note thatRg is the sum of two factors that are proportional where the input signal is higher than the spontaneous emis-
to the product between the inverse of the amplifier quantunsion (P,>Gg) shows that usingz‘mh instead ofa,, in Eq. (2)
efficiency’® T'g/(I'g— «;), net power gain, and source term. leads to an overestimate of the mirror losses by a factor that
This result makes obvious sense: for the input signal, thean be as high as 4. This result explains why the photon
number of photons generated in the amplifier is proportionatiensity calculated with the conventional rate equdatidit?
to the total emitted poweGggnP, Minus the number of leads to a systematic underestimate of the photon density
injected photons proportional e, . compared to other methods based on FabryetRa travel-

To completely describe the properties of vertical-cavitying wave approaches, for exampi&”*?In practice, this er-
devices, a rate equation for the carriers is needed and i®r leads to overestimating the saturation power of VCSOAs
generally given bydN/dt=Gge,— Riec, Where Gy, is the by, typically, 10 dB. The results presented in this letter are
rate of injected electrons arR}.. is the rate of recombining very general and can be applied to any FabryePtaser
electrons per unit volume in the active regibithe rate  amplifier for which the material gain/absorption can be con-
equations for the carriers and the photons can be used ®idered as constant in the structure. This key condition is

describe any vertical-cavity device provided the materialusually satisfied for vertical-cavity devices. Note that the ma-
Downloaded 20 Jan 2004 to 132.239.24.105. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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1.0

— Using the definitions presented above, and assuming an ab-
'/ sorption per pasGg=exd—I'gls], we find that n=1
s ffls Y

—G. Using the relatiorc = Gg+ Gt with expression(5), we
easily retrieve the result of Ju and Strite[see Eq.(8) of
Ref. 13, with the only difference that the standing wave
effect is automatically taken into account through our con-
finement factor I', which includes the gain/absorption
0.6 . Signal 4 enhancement factor.

In conclusion, the rate equation for photons has been
revisited for vertical-cavity devices below threshold. We
ASE have demonstrated that the mirror loss expression, which is
traditionally used in rate equations for photons in resonant-
cavity semiconductor optical amplifiers, is incorrect below
- threshold because it does not satisfy the energy conservation.
This error leads then to an underestimate of the photon den-
sity in the cavity, hence, to an underestimate of the stimu-
lated recombination rate, and then to an overestimate of gain
saturation effects for these amplifiers. The correct expression
1.0 for the mirror losses has been derived and includes the am-

plified spontaneous emission. Finally, we have presented a

unified way of describing vertical-cavity devices by photon
FIG. 1. Parameters:"z,, (Go=1Gs,=0) and alVay, (Gs=1P,=0) rqte equation_s, which can bg applied to any device with
plotted as solid and dotted contour lines, respectively, vs the front and backtimulated gain or absorption like VCSOAs or RCEPDs, the
mirror reflectivities. only condition being that the material properties of the gain/
absorbing medium are constant throughout the active region,
which is generally reasonable for this kind of device.

0.8

0.4

Back mirror reflectivity R,

0.2

Front mirror reflectivity R,

terial gain of in-plane Fabry-IPet laser amplifiers cannot be
considered as constant over the active region. Local expres- Thjs work was supported by DARPA through the Army
sions of the rate equations must then be used, as was prResearch Office.
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